are rated by patients and their families as the most important consequences of the condition. 13 Epilepsy is the most common symptom of brain involvement and develops in 75% to 90% of people with TSC. 14, 15 Psychiatric problems are underrecognized, and a checklist of TSC-associated neuropsychiatric disorders has been developed recently to improve their detection in the clinic.
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The structural hallmarks of CNS involvement are developmental abnormalities including cortical tubers, subependymal nodules, heterotopic gray and white matter abnormalities [18] [19] [20] [21] (►Fig. 1), and brain tumors, termed subependymal giant cell astrocytomas (SEGAs), that typically develop in childhood or early adult life.
1 White matter changes on standard magnetic resonance imaging (MRI) feature curvilinear radial bands extending from the ventricles toward the cortex, wedgeshaped lesions, nonspecific focal conglomerate changes, and cerebellar radial bands. 22 Diffusion tensor imaging (DTI), a structural MRI technique used to examine the interconnections between different brain regions, is more sensitive than standard MRI in identifying microstructural abnormalities in brain pathways. Recent DTI studies in TSC have shown widespread disorganization in otherwise normal-appearing white matter 23, 24 and changes in the frontal and parietal lobes that appear to correlate with attention deficits.
25

TSC1, TSC2, and Signaling via mTORC1
The proteins encoded by TSC1 and TSC2 (referred to as TSC1 and TSC2 or hamartin and tuberin, respectively) form a complex with TBC1D7 within cells that acts as a negative regulator of mammalian (or mechanistic) target of rapamycin complex 1 (mTORC1). 26 mTORC1 is activated by amino acids, growth factors, and energy status (AMP/ATP ratio); its best characterized downstream targets include ribosomal protein S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E-binding 
Genetic diagnostic criteria
The identification of either a TSC1 or TSC2 pathogenic mutation in DNA from normal tissue is sufficient to make a definite diagnosis of tuberous sclerosis complex (TSC). A pathogenic mutation is defined as a mutation that clearly inactivates the function of the TSC1 or TSC2 proteins (e.g., out-of-frame indel or nonsense mutation), prevents protein synthesis (e.g., large genomic deletion), or is a missense mutation whose effect on protein function has been established by functional assessment (www.lovd.nl/TSC1, www.lovd/TSC2). Other TSC1 or TSC2 variants whose effect on function is less certain do not meet these criteria, and are not sufficient to make a definite diagnosis of TSC. Note that 10-25% of TSC patients have no mutation identified by conventional genetic testing, and a normal result does not exclude TSC, or have any effect on the use of clinical diagnostic criteria to diagnose TSC.
Clinical diagnostic criteria with a significantly earlier presentation of epilepsy than TSC1 mutations, a higher likelihood of infantile spasms, and a worse outcome with regards to seizure control and neurodevelopment.
4
Infantile Spasms in Tuberous Sclerosis Complex
Tuberous sclerosis complex is the most common single cause of infantile spasms, accounting for up to 25% of all cases.
15
Their onset in TSC peaks at 4 to 6 months of age, in common with infantile spams from other causes. Infantile spasms are characterized by a triad of developmental arrest and/or regression, typical epileptic spasms, and a high-voltage chaotic EEG pattern known as hypsarrhythmia. Irritability may precede the onset of spasms; the affected infant often shows behavioral regression manifesting as indifference to his or her environment and parents, 40 together with cessation or regression of wider developmental abilities. The spasms are usually characterized by bilateral, tonic contraction of muscles in the neck, trunk, and extremities, which may be flexor and/or extensor. The contraction appears to have two phases with an intense, quick phase lasting for a couple of seconds, followed by a longer period of motor arrest during which the posture acquired in the preceding phase is maintained. Some infants may present in a very subtle fashion with head nods, elevation of the shoulders or upward eye deviation, and crying that may be confused with colic. The spasms typically occur as clusters, and are most likely to be noticed first at the sleep-wake interface. Clusters of spasms may occur a few times per day or up to 100 or more, 5 to 30 seconds apart. There may be many such clusters during a day, and they may be followed by irritability, lethargy, or occasionally an apparent state of hyperalertness.
Although infantile spams in TSC are clinically similar to those due to other causes, there are differences. In TSC the spasms may present very early 15 and be preceded by, or coexist with, focal seizures. Subtle early focal seizures, such as unilateral tonic or clonic phenomena affecting the face or limbs, tonic eye deviation, head turning, and unilateral grimacing may go unrecognized until there are more obvious infantile spasms.
38,41
Electroencephalogram Findings
Hypsarrhythmia (hypselos-Greek for "high") is the typical electrophysiological picture in infantile spasms. It is an interictal EEG pattern defined as a diffuse, high voltage (> 200 μV), irregular, chaotic mixture of slow waves with sharp waves and spikes. The localization of sharp waves and spikes typically shifts temporally, although in TSC infants it may differ in having an additional consistent focus. This EEG pattern occurs both when awake and in non-rapid-eyemovement (non-REM) sleep, with marked attenuation of the pattern in REM sleep. The typical features of hypsarrhythmia may only be evident during sleep in the initial phase of infantile spasms, making a sleep EEG recording essential. The ictal phase (associated with an epileptic spasm) typically has an initial positive wave over the vertex-central region that evolves into a period of abrupt generalized desynchronization (flattening) called the "electro-decremental response," lasting for several seconds.
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Management of Infantile Spasms
Vigabatrin is very effective in managing infantile spasms due to TSC and is the drug of choice in this situation. 
Electroencephalogram Findings
The diagnostic feature is multifocal interictal 2.0 to 2.5 Hz sharp-and-slow wave discharges. Eye opening or photic stimulation do not affect the discharges. The EEG can be activated during sleep, especially in stage 1, 2, and REM sleep, and may sometimes be activated by hyperventilation.
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The ictal EEG changes depend on the seizure semiology. Tonic seizures are associated with a burst of bilateral rhythmic 10 to 20 Hz activity over anterior areas and the vertex. Atypical absences on the other hand are associated with sharp-and-slow wave discharges, indistinguishable from the interictal phase. Electroencephalogram changes with atonic and atonic-myoclonic seizures show either multiple or diffuse spike-and-slow activity or fast rhythms with an anterior predominance.
Treatment and Outcome
A recent Cochrane review concluded that the optimum treatment for Lennox-Gastaut syndrome remains uncertain, and no study to date has shown any one drug to be highly effective. 53 Rufinamide, lamotrigine, topiramate, and felbamate may be considered as add-on therapies, and clobazam may help for drop seizures. However, total seizure control is rarely achieved.
Epilepsy Associated with TSC in Older Children and Adults
Epilepsy in children and adults with TSC has an unpredictable course. Patients show multiple seizure types, most likely reflecting the presence of multiple tubers with variable epileptogenic potential in most patients. More than half of TSC adults have more than one seizure type, with focal onset seizures in most (93%). 54 At least one third of epilepsy in older children and adults is refractory, despite using multiple antiepileptic medications and nonpharmacological approaches. [55] [56] [57] [58] In comparison to TSC patients with epilepsy who are controlled on medication, the refractory group is characterized by a younger age at diagnosis, a previous history of infantile spasms and/or Lennox-Gastaut syndrome, lower educational achievement, a higher prevalence of psychiatric problems, and association with TSC2 mutations.
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Antiepileptic Drugs
Epilepsy management is best coordinated through a multidisciplinary clinic with specialist expertise in epilepsy because of the frequent association of epilepsy with intellectual difficulties, neurodevelopmental and behavioral problems in patients with TSC, and the frequency of TSC-associated comorbidities, particularly kidney disease.
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Carbamazepine for focal-onset epilepsy and sodium valproate for generalized and myoclonic seizures are frequently used first-line therapies. Seizure control by monotherapy is relatively infrequent, and combination therapy with medications, including lamotrigine, topiramate, levetiracetam, oxcarbazepine, rufinamide, clobazam, and clonazepam, is often required. The combination of levetiracetam with antiepileptic drugs that enhance GABAergic inhibition, or the combination of sodium valproate and lamotrigine, may be considered. 60, 61 Complicated combinations of antiepileptic drugs rarely provide an additional benefit and can leave a high burden of side effects. It is therefore important to define realistic treatment expectations in "hard-to-treat" patients.
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The refractory nature of epilepsy in TSC likely reflects underlying multifocal cortical dysgenesis and perhaps the wider consequences of dysregulated mTORC1 signaling in the brain. The proteins MDR-1 (multidrug resistance) and MRP-1 (multidrug resistance-associated protein-1) are linked to chemotherapy resistance in tumor cells. The presence of these proteins in cortical tubers suggests they may also play a role in development of refractory epilepsy. 62 Persisting severe epilepsy in the face of expert management with antiepileptic drugs should prompt consideration of nonpharmacological management, including epilepsy surgery, vagus nerve stimulation, or ketogenic diet.
Epilepsy Surgery Resective Epilepsy Surgery
It is worth considering resective surgery for patients with refractory epilepsy who have an identifiable epileptogenic zone associated with one or more glioneuronal hamartomas, ideally in noneloquent cortex, even in those (the majority) with multiple cortical tubers. 63 With expert assessment and selection of patients, most cases achieve a meaningful longterm reduction of seizure burden and use less antiepileptic therapy; some cases achieve complete remission.
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Corpus Callosotomy
Corpus callosotomy may be considered in children who have drop attacks as their most disabling seizure type. 65 Drop attacks (atonic seizures) can occur many times every day and lead to serious injuries. The possibility of inducing a disconnection syndrome through complete callosotomy must be weighed against the dangers and quality-of-life issues posed . The TSC1/2 protein complex is a major negative regulator of mTORC1 activity. Its function is mediated via TSC2's inhibition of Rheb. TBC1D7 (TBC1 domain family, member 7) is a third subunit of the TSC1/2 complex. Homozygous mutations in TBC1D7 are associated with macrocephaly, intellectual disability and neuropsychological disorders. PTEN converts the PIP3 (phosphatidylinositol 3,4,5 triphosphate) to PIP2 (phosphatidylinositol 4,5 bisphosphate), thereby reducing activity of PI3K, PDK1 and AKT, which leads to mTORC1 inhibition. A reduction in PTEN activity therefore leads to mTORC1 activation. Mutations of PIK3CA have been identified in patients with megalencephaly-capillary malformation syndrome (MCAP) and hemimegalencephaly (HME), whereas activating mutations of PIK3R2 or AKT3 have been identified in most patients with megalencephaly-polymicrogyria-polydactyly-hydrocephalus syndrome (MPPH) and some with hemimegalencephaly (HME). by the seizures. Focal seizures usually persist after callosotomy; such patients may need additional antiepileptic drug treatment and/or secondary surgery to resect the epileptogenic tuber or tubers.
66
Vagus Nerve Stimulation
Vagus nerve stimulation is used as an adjunctive therapy for intractable focal-onset seizures in patients aged over 12 years. The antiepileptic effects of vagus nerve stimulation are mediated by altered vagal afferent activities, and probably include altered activities in the reticular activating system, the central autonomic network, the limbic system, and the diffuse noradrenergic projection system. 
Role of mTORC1 Hyperactivity in Other Epilepsy-Associated Disorders
A group of related rare disorders is caused by inherited or somatic developmental mutations that affect components of the mTORC1 signaling pathway and that lead to its overactivity (►Fig. 2). 34, [80] [81] [82] [83] These disorders predispose to seizures and include hemimegalencephaly, Pretzel or PMSE (polyhydramnios, megalencephaly, and symptomatic epilepsy) syndrome, megalencephaly-polymicrogyria-polydactyly-hydrocephalus (MPPH) and megalencephaly-capillary malformation (MCAP) syndromes, and the recently described DEPDC5-(disheveled, Egl-10, and pleckstrin domain containing protein 5) associated epilepsies. Overactive mTORC1 activity has also been documented apparently unrelated epilepsy syndromes, such as hippocampal sclerosis and Rasmussen encephalitis.
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These observations suggest that mTORC1 inhibition holds promise for treatment of epilepsy in a diversity of clinical settings.
Conclusions
Epilepsy is an important manifestation of TSC and affects the vast majority of patients with this inherited condition. It is frequently difficult to control, requiring the use of multiple antiepileptic drugs and further measures, including epilepsy surgery in some cases. Early onset of seizures, particularly infantile spasms, is associated with a poor neurocognitive outcome, and the seizures may directly contribute to these problems. Many of the manifestations of tuberous sclerosis are at least in part directly attributable to hyperactivation of mTORC1, and preclinical and early clinical evidence suggest this may also be the case for TSC-associated epilepsy, opening up the possibility of using mTORC1 inhibitors as antiepileptic drugs in patients with TSC.
